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SÖREN T. EICHHORST,1 MARTINA MÜLLER,2 MIN LI-WEBER,1 HENNING SCHULZE-BERGKAMEN,2

PETER ANGEL,3 AND PETER H. KRAMMER1*

Tumor Immunology Program1 and Division of Signal Transduction German Cancer Research Center (DKFZ),3

69120 Heidelberg, and Department of Internal Medicine IV Hepatology and Gastroenterology,
University Hospital, 69115 Heidelberg,2 Germany

Received 23 February 2000/Returned for modification 13 April 2000/Accepted 28 July 2000

The CD95 (also called APO-1 or Fas) system plays a major role in the induction of apoptosis in lymphoid
and nonlymphoid tissues in response to a variety of extracellular signals, including chemotherapeutic drugs.
Here we report that the CD95 ligand (CD95L) is upregulated in hepatoma cells upon treatment with antineo-
plastic drugs. Upregulation by different chemotherapeutic drugs is functionally relevant for drug-induced apo-
ptosis and is mediated by transcriptional mechanisms. The MEKK1/JNKK pathway and a novel AP-1 element
in the CD95L promoter downstream of the TATA box are required for CD95L upregulation. Thus, understand-
ing the mechanisms of CD95-mediated apoptosis through CD95L upregulation upon treatment of hepatocellu-
lar carcinomas with chemotherapeutic drugs may contribute to the improvement of anticancer chemotherapy.

Anticancer drugs have previously been shown to induce apo-
ptosis in tumor target cells (17, 43). Several groups have dem-
onstrated that apoptosis was partially mediated via the CD95
(also called APO-1 or Fas)/CD95 ligand (CD95L) pathway (18,
62, 68). Thus, CD95 and CD95L were found to be upregulated
by several antineoplastic compounds. Subsequently, cells un-
derwent apoptosis in a suicidal or fratricidal manner, a process
similar to activation-induced cell death in activated peripheral
T lymphocytes during the downregulation of an immune re-
sponse (6, 11, 49). Both transcriptional activation and de novo
protein synthesis are required for this inducible process. The
CD95-CD95L system is not the only system involved in drug-
induced cell death (42). However, experiments with CD95 neu-
tralizing agents show that it contributes substantially to this
type of apoptosis (18, 62, 68).

A subset of human tumors can be treated successfully with
either a single drug or combination chemotherapy. The major-
ity of tumors, however, particularly solid tumors of the gastro-
intestinal tract, exhibit chemotherapy resistance depending on
several as yet unidentified factors. Therefore, chemoresistant
tumors remain a major obstacle in chemotherapeutic treat-
ment. Mutations in the intrinsic apoptotic pathway may render
tumor cells resistant to anticancer drugs. Hence, the detailed
understanding of the signaling pathways involved might lead to
the discovery of therapeutic targets to overcome chemotherapy
resistance.

The CD95 system is involved in several physiologic and
pathophysiologic conditions, such as regulation of the immune
response and tumor immune surveillance (32). CD95L, a type
II transmembrane protein, induces apoptosis via binding to the
CD95 receptor. CD95, a type I transmembrane protein, is a
member of the tumor necrosis factor receptor superfamily
expressed on various tissues, including T cells, colonic epithe-
lial cells, and hepatocytes (33, 55). In contrast, CD95L expres-

sion is restricted to a few cell types, such as T cells, macro-
phages, and cells of the testis (23). CD95L triggers apoptosis in
CD95-bearing cells via formation of a death-inducing signaling
complex utilizing the adapter protein FADD (59) and initia-
tion of a signaling cascade of caspases finally leading to apo-
ptotic cell death (32, 33).

Recently, it has been reported that CD95 expression is in-
duced in hepatocellular carcinoma cell lines upon treatment
with chemotherapeutic drugs via induction of p53. p53 binds to
an intronic enhancer element in the first intron of the CD95
gene (48). The mechanism by which CD95L is upregulated in
hepatic tumor cells in response to chemotherapeutic drugs,
however, remains to be elucidated.

Targets in the cellular transcription machinery previously
demonstrated to be involved in the response to genotoxic
stress—as exerted by most chemotherapeutic drugs—include
the SAPK/JNK signaling cascade (15, 16) and the transcription
factors c-Jun (31), NF-kB (40), p53 (29, 39) and ATF-2 (63).
However, the involvement of these transcription factors is still
controversial.

Here we show that chemotherapeutic drugs lead to acti-
vation of the JNK/SAPK signaling pathway and the tran-
scription factor AP-1. In turn, via a newly identified AP-1 site
in the CD95L promoter, recognized by Jun-Fos heterodimers,
CD95L expression becomes greatly enhanced starting 20 to
25 h posttreatment. Based on these data, we propose a model
for chemotherapy-induced apoptosis in hepatic tumor cells.

Our results help clarify the apoptotic response to anticancer
drugs and have implications for the future development of
specific compounds for the treatment of tumors not accessible
to chemotherapy.

MATERIALS AND METHODS

Cell lines. The following cell lines were used: (i) HepG2 cells, derived from a
human hepatoblastoma expressing low levels of wild-type p53; (ii) Huh7 cells,
derived from a human hepatocellular carcinoma, expressing mutated p53 with a
point mutation at codon 249 which leads to a shorter half-life of p53; (iii) Hep3B
cells, derived from a human hepatocellular carcinoma deficient in p53; and (iv)
SKW6.4 cells, a human B lymphoblastoid cell line.

HepG2, Huh7, and Hep3B cells were cultured in Dulbecco’s modified Eagle
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medium (Gibco BRL, Eggenstein, Germany) supplemented with 10% heat-
inactivated fetal calf serum (FCS) (Gibco BRL), 10 mM HEPES (Gibco BRL),
5 mM L-glutamine (Gibco BRL), and 100 mg of gentamicin/ml (Gibco BRL).
SKW6.4 cells were maintained in RPMI medium (Gibco BRL) containing 10%
FCS (Gibco BRL), 10 mM HEPES (Gibco BRL), 2 mM L-glutamine (Gibco
BRL), and 100 mg of gentamicin/ml (Gibco BRL).

Isolation and culture of primary human hepatocytes. Primary human hepa-
tocytes were isolated from healthy liver tissue obtained from patients receiving
partial liver resection with a two-step perfusion technique as described and
modified from the initial procedure established by Berry and Friend (5). The
isolation procedure was approved by the Ethics Committee, Medical Faculty,
University of Heidelberg. Briefly, a blood vessel of the resected liver tissue was
cannulated and perfused with Ca21- and Mg21-free Hanks’ balanced salt solu-
tion (Gibco BRL) containing 0.5 mM EGTA (Sigma, Deisenhofen, Germany)
and 50 mM HEPES (Sigma) for 15 to 20 min. The perfusion was continued using
Williams’ medium E (WME; Gibco BRL) containing 0.05% collagenase type IV
(Sigma) and 5 mM CaCl2 for 15 to 25 min. Cells were mechanically separated
from the liver capsule, and the resulting cell suspension was filtered and washed
in ice-cold, serum-free WME. To separate hepatocytes from nonparenchymal
cells, we performed a centrifugation in Percoll (adjusted to a density of 1.065
g/ml; Biochrom, Berlin, Germany) for 10 min at 50 3 g as described previously
(60). Cells were washed twice in WME and were seeded in maintenance medium
at a density of 1.0 3 105 to 1.5 3 105 viable cells/cm2 on collagen-coated culture
plates (collagen type I; Serva Biochemicals, Heidelberg, Germany). Viability was
determined by trypan blue dye exclusion. The maintainance medium was
changed 2 to 4 h after seeding and every 24 to 48 h thereafter. As maintainance
medium we used WME supplemented with 5 mM L-glutamine (Flow Laborato-
ries, Rockville, Md.), 0.6% glucose (Serva), 0.02 M HEPES (Sigma), 50 mg of
gentamicin (Sigma)/ml, 100 mg of penicillin (Flow Laboratories)/ml, 100 mg of
streptomycin (Flow Laboratories)/ml, 37 mM inosine (Serva), 1.5% dimethyl
sulfoxide (Merck, Darmstadt, Germany) and 0.14 U of insuline (Serva)/ml. On
days 1 and 2, maintainance medium was supplemented with 10% FCS (Gibco
BRL). Cells were incubated at 37°C and 5% CO2.

Plasmids. Serial deletion constructs of the CD95L promoter were cloned into
the pTATA.luc vector (a kind gift from T. Wirth, Institut für medizinische
Strahlen- und Zellforschung, Würzburg, Germany) or into the pGL2-basic vector
(Promega, Madison, Wis.).

The deletion constructs ranging from 22269/1100 to 236/1100 were estab-
lished as described previously (41). The 236/119 vector was constructed as
follows: the 236/1100 CD95L promoter fragment was cut with Psp5II, and the
smaller fragment was reinserted into the pTATA.luc vector. All constructs were
confirmed by automated dideoxy sequencing at Toplab GmbH (Munich, Ger-
many).

The expression constructs for Jun and Fos have been described previously
(1, 2). Dominant-negative MEKK-1 (K432M) and dominant-negative JNKK
(K611R) were kindly provided by M. Karin and have been described before
(67). Dominant-negative MKK3 [MKK3b-(A)] and dominant-negative MKK6
[MKK6b-(A)] were kindly provided by J. Woodgett (53). Dominant-negative
c-jun (Daa 1-192) and the empty control vector pCMV were kindly provided by
D. Bohmann (38).

Mutations in the 190 AP-1 site of the 236/1100 construct (APX-4) were
introduced using the QuikChange mutagenesis kit (Stratagene, La Jolla, Calif.).
The primers for the mutagenesis reaction (MWG Biotech GmbH, Ebersberg,
Germany) were APX-4 sense (59 CCG TTT GCT GGG GCT GGC CTA ATT
AAC CAG CTG CCT CTA GAG G 39) and APX-4 antisense (59 CCT CTA
GAG GCA GCT GGT TAA TTA GGC CAG CCC CAG CAA ACG G 39).
Underlined nucleotides represent the mutated sites compared with the wild-type
CD95L promoter sequence. The mutations were confirmed by automated se-
quencing (Toplab GmbH).

Antibodies. The neutralizing anti-CD95L antibody NOK-1 and an isotype-
matched control antibody were purchased from Pharmingen (Hamburg, Germa-
ny). Antibodies for supershift analyses directed against c-Jun, c-Fos, ATF-2, and
CEBP were from Santa Cruz Biotechnology Inc. (Heidelberg, Germany). The
antibody used for immunofluorescence studies was a c-Jun-specific polyclonal
antibody (57). The antibodies recognizing JNK1 and JNK2, and the phosphor-
ylated forms of these kinases, were purchased from Santa Cruz Biotechnology
and Promega (Mannheim, Germany), respectively.

Treatment of cells with monoclonal antibody immunoglobulin G3 (IgG3)
anti-APO-1 at a concentration of 100 ng/ml has been described previously (4).

Treatment with chemotherapeutic drugs. Cell cultures were treated with 5-flu-
orouracil (5-FU; Ribosepharm GmbH, Munich, Germany) or with etoposide
(Bristol-Myers Squibb GmbH, Munich, Germany).

Determination of cell death. Cells were trypsinized with 1% trypsin–EDTA for
5 min, washed twice in phosphate-buffered saline (PBS), and stained by 2.5 mg of
propidium iodide (Sigma)/ml. Uptake of the dye was measured in a FACScan
flow cytometer (Becton Dickinson GmbH, Heidelberg, Germany) using the
CellQuest software. Concomitant changes in forward scatter/side scatter (FSC/
SSC) of the cells were evaluated.

For quantification of DNA fragmentation, supernatants were centrifuged at
200 3 g, and cells were trypsinized and washed. They were lysed in a hypotonic
lysis buffer (0.1% sodium citrate and 0.1% Triton X-100) containing 50 mg of

propidium iodide/ml and were incubated at 4°C overnight. The nuclei were then
analyzed for DNA content by flow cytometry (52).

51Cr-release assay. CD95L-mediated cytotoxicity was investigated by the 51Cr-
release assay. Hep3B cells (effector cells) were seeded into 96-well plates and
were treated with chemotherapeutic drugs for 48 h. After 2 days, the medium of
the cultures of the effector cells was changed. SKW6.4 cells (target cells) were
incubated for 30 min in Na2

3CrO4 (100 mCi) (NEN, Neu Isenburg, Germany).
Labeled cells were then added to the effector cells at the indicated effector/target
ratios. After 12 to 16 h, 100 ml of supernatant was collected from each well and
measured in a gamma counter. Specific lysis was calculated according to the
formula L 5 (E2S)/(T2S), in which E is the counts per minute (cpm) of the
unknown sample, S is the cpm of the spontaneous lysis of labeled target cells in
medium without effector cells, and T is the cpm of the maximal release of the
target cells kept in 2 N HCl. The assay was analyzed further only if S/T was
#30%. Each experiment was done in triplicate.

Detection of CD95L mRNA expression by reverse transcriptase (RT) PCR.
RNA was prepared using the RNeasy kit (Qiagen GmbH, Hilden, Germany)
according to the instructions of the manufacturer. For each isolation, 5 3 106 to
1 3 107 cells were used. One microgram of total RNA was reverse transcribed
using Moloney murine leukemia virus (MMLV-RT; Gibco BRL) with oligo
(dT)15 primers (Roche GmbH, Mannheim, Germany) in a 20-ml reaction mix-
ture containing 10 mM dithiothreitol (DTT) and 500 mM deoxynucleoside tri-
phosphate. Aliquots (5 ml) were amplified in a DNA thermocycler (Stratagene,
Heidelberg, Germany) with 0.5 U of Taq DNA polymerase (Roche GmbH) in a
50-ml reaction mixture. Thirty-five reaction cycles were performed. Each cycle
consisted of a denaturation step (94°C for 30 s), an annealing step (56°C for 30 s),
and an elongation step (72°C for 30 s). The reaction was completed with a 72°C
elongation step for 10 min. PCR products were analyzed on 1.5 to 2% agarose
gels.

Primers were purchased from MWG Biotech GmbH. Primer sequences were
CD95L sense (59 ATG TTT CAG CTC TTC CAC CTA CAG A 39) and CD95L
antisense (59 CCA GAG AGA GCT CAG ATA CGT TGA C 39), yielding a
PCR product of 500 bp. The primers span all three introns of CD95L, thereby
facilitating the differentiation between cDNA and genomic DNA.

Each reverse transcribed mRNA was internally controlled with a b-actin PCR
using the primers sense (59 TGA CGG GGT CAC CCA CAC TGT GCC CAT
CTA 39) and antisense (59 CTA GAA TTT GCG GTG GAC GAT GGA GGG
39), yielding a PCR product of 600 bp.

Transient transfections and luciferase assays. One day before transfection,
cells were plated at a density of 0.6 3 106/9-cm petri dish. Transfection was done
using the calcium phosphate precipitation method as described previously (9).
Subsequently, cells were divided into six well plates, and treatment with chemo-
therapeutic drugs was initiated for different periods of time. Cells were lysed
after being washed three times with PBS in lysis buffer (Promega). Lysates were
measured in a Duolumat (Berthold, Wildbach, Germany) using the dual lucif-
erase assay system (Promega). Renilla luciferase or chloramphenicoltransferase
expression vectors, both driven from a basal promoter, were used to normalize
transfection efficiencies. In addition, the protein amount was measured using the
Bio-Rad protein assay (Bio-Rad GmbH, Munich, Germany) and was used to
normalize for the protein content of the transfected cells.

Electrophoretic mobility shift assay and supershift analyses. Nuclear extracts
from HepG2 and Hep3B cells were prepared as described previously (12).
Briefly, 4 3 107 cells were lysed in 10 mM Tris-HCl (pH 7.4)–2 mM MgCl2–140
mM NaCl–0.5 mM DTT–0.5 mM phenylmethylsulfonyl fluoride (PMSF)–0.1%
Triton X-100. Sucrose density gradient centrifugation was performed, and the
nuclear fraction was resolved in 20 mM HEPES (pH 7.9)–25% glycerol–0.42 M
NaCl–1.5 mM MgCl2–0.2 mM EDTA–0.5 mM DTT–0.5 mM PMSF. After 30
min of rotation, nuclear membranes were pelleted and the supernatant was
stored in liquid nitrogen after determination of the protein content using the
Bio-Rad protein assay.

Double-stranded oligonucleotides comprising the AP-1 site at 190 in the
CD95L promoter were end labeled with T4 polynucleotide kinase (MBI Fer-
mentas, St. Leon-Roth, Germany) using 5,000 Ci/mmol of [g-32P]ATP (Amer-
sham GmbH, Braunschweig, Germany). Sequences of the single-stranded oligo-
nucleotides were sense (59 GGG CTG GCC TGA CTC ACC AGC TGC 39) and
antisense (59 GCA GCT GGT GAG TCA GGC CAG CCC 39). Free nucleotides
were removed with Microspin G-50 columns (Pharmacia GmbH, Freiburg, Ger-
many).

Binding reactions were carried out at 4°C for 30 min using 5 mg of nuclear
protein in a buffer containing 100 ng of bovine serum albumin (Roche GmbH)/
ml, 50 ng of poly[d(I-C)] (Roche GmbH)/ml, 2 mM DTT (Gibco BRL), 500 mM
Pefabloc (Roche GmbH), 1 mg of aprotinin (Roche GmbH)/ml, 25 mM HEPES
(Sigma), 5 mM MgCl2 (Sigma), 35 mM KCl (Sigma), and 3 3 104 cpm of the
labeled oligonucleotide. For supershift analyses, 1 mg of antibody was added to
the binding reaction. Samples were analyzed on a 6% nondenaturing polyacryl-
amide gel in 0.5% Tris-borate-EDTA.

In vitro kinase assay and Western blot. HepG2 cells were treated with 5-FU
for different time periods, and in vitro kinase assays or Western blotting for
phosphorylated JNK was performed as described previously (67).

Immunofluorescence studies. Cultured Hep3B cells or freshly isolated human
primary hepatocytes were plated on Lab-Tek chamber slides (Renner GmbH,
Dannstadt, Germany). After culturing for at least 2 days, the cells were treated
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with antineoplastic drugs. Subsequently, fixation was performed in methanol and
acetone (5 min and 10 s at 220°C, respectively) as described earlier (50). Cells
were then incubated with the specific primary antibody against human c-Jun for
1 h at 37°C. After washing three times with PBS, cells were covered for 1 h with
fluorescein isothiocyanate-conjugated goat anti-rabbit IgG (Dianova, Hamburg,
Germany). Nonspecific staining was controlled by incubation with mouse or
rabbit immunoglobulins instead of the specific primary antibody or by blocking
the primary antibody with the immunogenic peptide. The slides were covered
with coverslips and evaluated on a fluorescence microscope (Zeiss GmbH, Ober-
kochen, Germany).

RESULTS

Chemotherapeutic drugs induce apoptosis in hepatocellular
carcinoma cell lines via the CD95/CD95L system. Previous
experiments demonstrated that antineoplastic compounds in-
duce apoptosis in tumor cells. The antimetabolite 5-FU is used
for adjuvant treatment of hepatocellular cancer. To determine
the role of the CD95/CD95L system, we aimed to inhibit drug-
induced apoptosis with either a blocking anti-CD95L antibody
or a blocking chimeric CD95-Fc construct (11). Cell cultures of
HepG2 cells at 70% confluence were treated with the antime-
tabolite 5-FU in the absence or in the presence of one of the
CD95L-blocking reagents, and apoptosis was evaluated by
propidium iodide exclusion and FSC/SSC analysis. As shown in
Fig. 1, drug treatment leads to a significant increase in apo-
ptosis, starting from 12 to 24 h after administration of 5-FU
and reaching over 40% after 48 h. These results were con-
firmed by staining the cells for subdiploid DNA content ac-
cording to Nicoletti et al. (reference 52 and data not shown).
Although apoptosis was not reduced to background levels, the
effect of 5-FU could be blocked substantially by concomitant
application of 50 mg of CD95-Fc/ml or 50 mg of NOK-1 anti-
body/ml, thereby attributing a significant role to the CD95
system in 5-FU-induced apoptosis. Similar results were ob-
tained by treatment with etoposide, an inhibitor of topoisom-
erases, and 5-FU showed synergy with etoposide in inducing
apoptosis in HepG2 cell lines (data not shown). Furthermore,
treatment of Hep3B cells with the same concentrations of
chemotherapeutic drugs did not lead to a significant induction
of apoptosis. Hep3B cells are negative for p53 and do not
express the CD95 receptor (48).

CD95L is upregulated upon administration of antineoplas-
tic compounds. These data show that CD95-CD95L interac-
tions are important for induction of apoptosis following expo-

sure of hepatocellular carcinoma cells to chemotherapeutic
drugs. Therefore, we investigated the mechanism of upregula-
tion of CD95L upon drug exposure. As shown in Fig. 2, 5-FU
can upregulate CD95L in both HepG2 and Hep3B cells (Fig.
2A and B). Upregulation of CD95L occurs late but is related
to the onset of apoptosis in hepatocellular carcinoma cell
lines. Upregulation of CD95L occurs earlier in HepG2 than in
Hep3B cells (Fig. 2B).

Upregulation of CD95L mRNA could be observed in
HepG2 and Hep3B cells. The upregulation is therefore inde-
pendent of p53, as the Hep3B cell line is devoid of p53 protein.
We were interested in whether CD95L upregulation in hepa-
tocellular carcinoma cells is transcriptionally and translation-
ally regulated. Therefore, we performed blocking experiments
with either the transcriptional inhibitor actinomycin C1 (Fig.
2C) or the translational inhibitor cycloheximide (Fig. 2D).
Both reagents were used at subtoxic concentrations and had no
effect on transcription or translation of the housekeeping gene
b-actin. However, upregulation of CD95L upon drug treat-
ment was reduced effectively by actinomycin or cycloheximide,
indicating that transcription and de novo protein synthesis are
required for the upregulation of CD95L.

To test whether upregulation on the CD95L mRNA level
was coincident with upregulation of CD95L protein on the cell
surface, we examined whether treated Hep3B cells could kill
CD95-positive target cells. 51Cr-labeled SKW6.4 cells express-
ing high levels of CD95 were incubated on a 5-FU-treated or
-untreated Hep3B cell monolayer overnight. As demonstrated
in Fig. 3, treatment of Hep3B cells with 5-FU led to significant
killing of CD95-bearing SKW6.4 cells that was almost com-
pletely blocked with CD95L neutralizing NOK-1 antibody.
These data show that treatment with antineoplastic drugs leads
to upregulation of functional cell surface CD95L protein.

Chemotherapeutic drugs exert their effects on the CD95L
promoter. We showed by blocking with actinomycin C1 that
chemotherapeutic drugs exert their effects on the CD95L pro-
moter. Thus, we cloned different CD95L promoter deletion
mutants in front of a luciferase reporter gene. These constructs
were transiently transfected into Hep3B cells, and gene expres-
sion was determined in unstimulated and 5-FU/etoposide-
stimulated cells. All reporter constructs ranging from 2.27 kb
to 136 bp upstream to the first ATG were equally inducible
(Table 1). The combination of chemotherapeutic drugs had an
additive effect on the induction of these constructs (Fig. 4 and
data not shown).

CD95L promoter activity is upregulated in liver cells upon
stimulation with antineoplastic drugs via activation of a newly
identified AP-1 element. Since all promoter constructs ranging
from 22269/1100 to 236/1100 showed equal inducibility
upon drug treatment (Table 1), we speculated that a promoter
element located between 236 and the translational start site
may be responsible for promoter activation. To further deter-
mine this site, we generated 39 deletion constructs of the min-
imal CD95L (236/1100) promoter. As shown in Fig. 5B, the
construct 236/119 had a significantly reduced basal activ-
ity and was also less inducible than the 236/1100 construct.
Therefore, we concluded that the 120/1100 region of the
CD95L promoter contains an element responsible for stimu-
lation with chemotherapeutic drugs. Inspection of this region
revealed the presence of a consensus binding site for the tran-
scription factor AP-1. The exact localization of this sequence
(59-TGACTCA-39) is circled in Fig. 5A.

To confirm that this site is indeed a functional AP-1 site, we
cotransfected c-jun and c-fos expression constructs with the
236/1100 and 236/119 luciferase reporters. Figure 6A shows
that cotransfection of exogenous c-Jun and c-Fos yielded a

FIG. 1. 5-FU causes CD95-mediated apoptosis in HepG2 but not in Hep3B
cells. HepG2 or Hep3B cells were grown to near confluence and then treated
with 100 mg of 5-FU/ml for the indicated time periods in the presence of either
an isotype-matched control antibody (Ig) or the anti-CD95L neutralizing anti-
body NOK-1 (50 mg/ml). The same experiment was performed with the inclusion
of CD95-Fc (50 mg/ml). Apoptosis was determined by propidium iodide exclu-
sion and FSC/SSC measurement. Data represent the mean with standard devi-
ation from triplicate samples. Two experiments with a similar outcome were
performed.

7828 EICHHORST ET AL. MOL. CELL. BIOL.



pronounced stimulation of the 236/1100 construct but not of
the 236/119 construct. Transfection of either c-jun or c-fos
alone also had a stimulating effect (data not shown). Cotrans-
fection with the AP-1 components and treatment with 5-FU
did not result in a significant increase of activity of the 236/
119 construct, strongly supporting the localization of the re-
sponsible promoter site between 120 and 1100 of the CD95L
promoter.

To further investigate the importance of the AP-1 site, ki-
netics of induction were determined (Fig. 6B). The 236/1100
construct showed a strong activation between 20 and 25 h after
initiation of 5-FU treatment. The 236/119 construct, how-
ever, did not react to the same treatment; even after extended
incubation with 5-FU, for 64 h, no significant increase could be
observed. These results further underline the importance of
the newly described AP-1 site in the CD95L promoter for
treatment with chemotherapeutic drugs.

To further elucidate that the site is indeed necessary for the
upregulation of CD95L promoter activity seen upon drug
treatment, we mutated the AP-1 element by site-directed mu-
tagenesis. The wild-type consensus sequence (CTGACTCA)
was mutated at three different positions (CTAATTAA [44]).
Introduction of these mutations into our 236/1100 or 21204/
1100 reporter constructs almost completely abolished the in-
ducibility of the constructs after 48 h of treatment with 100 mg
of 5-FU/ml (Fig. 7A).

Next, we investigated whether transactivation by c-jun is
required for the induction of the CD95L promoter. Therefore,
we performed cotransfections of a dominant-negative c-jun
construct lacking amino acids 1 to 192, a region which repre-
sents the transactivation domain, with the different luciferase
reporter constructs. The dominant-negative c-jun effectively

interferes with the activation of the AP-1 complex because it
retains the dimerization domain but can no longer activate
AP-1 target genes. The effect of inhibition is shown in Fig. 7B.
Cotransfection of Hep3B cells with the 236/1100 reporter,
c-jun, and dominant-negative c-jun totally abrogated the acti-

FIG. 2. CD95L mRNA is induced following stimulation with anticancer drugs, and the induction is regulated on the transcriptional level. PCR analysis of CD95L
mRNA in HepG2 and Hep3B cells is shown. Total RNA was extracted and RT-PCR was performed as described in Materials and Methods. (A) HepG2 or Hep3B
cells were incubated with the indicated concentrations of 5-FU for 36 h. (B) HepG2 or Hep3B cells were incubated with 100 mg of 5-FU/ml for the indicated time
periods. (C and D) 5-FU (100 mg/ml) was given to HepG2 cells for 48 h, and either the transcriptional inhibitor actinomycin C1(D) (C) or the translational inhibitor
cycloheximide (D) was added at the indicated concentrations.

FIG. 3. Treatment of malignant liver cells with chemotherapeutic drugs leads
to upregulation of functional CD95L. A 51Cr-release assay with Hep3B cells as
effectors and SKW6.4 cells as targets is depicted. Hep3B cells were grown in
96-well plates and treated with 5-FU. After 48 h, the chemotherapeutic drugs
were removed from the culture medium and 51Cr-labeled SKW6.4 cells were
added either with a control antibody or with the anti-CD95L antibody NOK-1.
Following overnight incubation, the supernatants were measured in a gamma
counter. The relative lysis was calculated as indicated in Materials and Methods.
E/T is the ratio between effector and target cells. Each concentration was done
in triplicate. The diagram represents one of three independent experiments with
similar outcomes.
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vation effect of c-jun on the promoter (Fig. 7B, right two
columns). More importantly, dominant-negative c-jun also
drastically inhibited promoter activation upon treatment with
chemotherapeutic drugs. This underlines the necessity of c-Jun
phosphorylation for the observed upregulation (Fig. 7B).

The AP-1 site in the CD95L promoter is preferentially
bound by Jun-Fos heterodimers, and AP-1 is activated upon
stimulation with chemotherapeutic drugs. The AP-1 complex
is formed by different components affecting the reaction to
different extracellular stimuli. Thus, we sought to determine
the composition of the dimer binding to the AP-1 site of the
CD95L promoter and performed gel shift analyses with oligo-
nucleotides comprising the AP-1 site (CTGACTCA). These
oligonucleotides form a complex with nuclear extracts from
5-FU-treated HepG2 cells and from 5-FU-treated Hep3B cells
(Fig. 8). The complex formation could be competed with un-
labeled wild-type oligonucleotides and with consensus AP-1
oligonucleotides but not with unlabeled oligonucleotides com-
prising consensus sequences for either NF-kB or SP-1 (data
not shown) or an oligonucleotide comprising a mutated AP-1
site (Fig. 8). These data indicate that AP-1 binds specifically to
the target promoter site. To further identify the subcompo-
nents of the binding complex, we conducted supershift exper-
iments. As shown in Fig. 8, antibodies to c-Jun and to c-Fos
further supershifted the complex. Anti-c-Jun and anti-c-Fos
antibodies shifted the complexes in both nuclear extracts from
HepG2 and Hep3B cells, respectively, although to different
extents. Neither antibodies to C/EBP as an isotype-matched Ig
specificity control nor antibodies to ATF2 influenced the mo-
bility of the complexes (data not shown). This shows the spec-
ificity of a Jun-Fos heterodimer for this site.

We further examined whether c-Jun expression is also en-
hanced upon treatment with chemotherapeutic drugs. There-
fore, we immunostained Hep3B cells treated for 36 h with
5-FU or left untreated and examined the intensity and spa-
tial distribution of the staining. As shown in Fig. 9, untreated
Hep3B cells are negative for c-Jun (Fig. 9A). Upon treatment
with 5-FU for 36 h, the cells accumulate AP-1 in the nucleus
(Fig. 9C), suggesting a strong activation of AP-1 upon treat-
ment with chemotherapeutic drugs. This induction of c-Jun is
also apparent in primary human hepatocytes (Fig. 9E and G).
The localization in the nucleus was demonstrated by costaining
with DAPI (49,69-diamidino-2-phenylindole) (Fig. 9B, D, F,
and H).

Involvement of the stress-activated protein kinase (SAPK/
JNK) pathway in drug-induced CD95L upregulation. Cell-
stressing factors engage the SAPK/JNK cascade in target
cells. Chemotherapeutic drugs induce substantial stress in
cells. Therefore, we investigated whether sequentially activat-
ed kinases are involved in the response to chemotherapeutic
drugs. We performed in vitro kinase assays of immunoprecipi-
tated JNKs with glutathione S-transferase (GST)–c-Jun as a

substrate. As shown in Fig. 10A, treatment of HepG2 cells with
100 mg of 5-FU/ml increased the ability of the JNKs to phos-
phorylate the GST–c-Jun fusion protein. The induction was
most prominent after 6 h. A similar pattern was observed for
the phosphorylation of JNK (Fig. 10A), suggesting a sequential
involvement of the JNK pathway. Next, we asked whether the
p38 pathway might be involved in this phosphorylation. We
cotransfected Hep3B cells with dominant-negative constructs
of different SAPK/JNKs. As depicted in Fig. 10B, activation of
reporter constructs by 5-FU was inhibited by cotransfection of
dominant-negative MEKK-1 and dominant-negative JNKK,
suggesting the sequential activation events MEKK-13 JNKK
3 JNK 3 c-Jun. As a control, dominant-negative mutants of
the p38 pathway were employed. Both dominant-negative con-
structs of the p38 pathway (DN-MKK3 and DN-MKK6 [72])
had virtually no effect on upregulation of CD95L promoter
activity following drug treatment. In addition, transfections
performed in the presence of blocking CD95-Fc constructs did
not influence the outcome (data not shown), indicating that the
activation of the MEKK-1/JNKK cascade is not a downstream
event due to CD95 activation. Based on these results, taken
together, we conclude that chemotherapeutic drugs induce
CD95L via the JNK pathway.

DISCUSSION

We have shown that chemotherapeutic drugs induce apo-
ptosis in liver cell lines partially via activation of the CD95/
CD95L system. This process involves activation of the tran-
scription factor AP-1 stimulating the CD95L promoter. Acti-
vation of AP-1 is mediated by the MEKK-1/JNKK pathway.
Thus, in malignant liver cells the CD95 system plays an impor-
tant role in drug-induced apoptosis.

CD95-mediated apoptosis is not dependent on transcrip-
tional events (30). However, expression of both CD95 and
CD95L are transcriptionally regulated (8, 15, 35, 41, 46, 54).
CD95 is expressed in most tissues, while constitutive CD95L
expression is restricted to certain cells, such as cells in the
anterior chamber of the eye and testis.

FIG. 4. Potentiation of CD95L promoter activity by simultaneously applied
anticancer drugs. Hep3B cells were transiently transfected with the 236/1100
CD95L promoter construct. Cells were treated for 48 h with 1.7 mM etoposide
(eto) or 100 mg of 5-FU/ml or both agents, as indicated. Cells were lysed, and
luciferase activity was measured. Three experiments with similar outcomes were
performed. Transfection efficiencies were monitored by cotransfection of a Re-
nilla luciferase construct driven from a basal promoter.

TABLE 1. Inducibility of different CD95L promoter constructs
upon treatment of transiently transfected Hep3B cells

with 100 mg of 5-FU/ml for 48 h

CD95L promoter
construct

Fold
induction

Standard
deviation

22269/1100 7.0 1.2
21204/1100 5.2 1.5
2860/1100 6.4 1.3
2412/1100 6.9 1.6
2220/1100 5.5 1.2
236/1100 5.9 0.9
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Induced CD95L expression is primarily seen in T cells (11).
CD95L mRNA can be upregulated upon several stimuli, e.g.,
UV irradiation (7, 26), ionizing radiation (20, 61), or with-
drawal of survival factors (37). We showed here that the action
of chemotherapeutic drugs in liver cells appears to follow a
similar mechanism: cell damage leads to activation of SAPK/
JNK kinases, activation of AP-1, and upregulation of CD95L,
subsequently leading to cell death by CD95-CD95L interac-
tion. This situation closely resembles the activation-induced
cell death found in activated T cells (6, 11). However, the
CD95 pathway is not the only pathway involved in chemother-
apy-induced apoptosis. Possibly, other death systems, such as
the TRAIL system, may be involved in drug-induced apoptosis
(22, 65). Several groups have published that the CD95 system
plays a major role in drug-induced apoptosis. Incomplete block-

ing of drug-induced apoptosis by CD95-blocking reagents (Fig.
1) suggested that other apoptotic mechanisms are involved.
Furthermore, other data contradicted those findings and sug-
gested that death factor-induced apoptosis and anticancer
drug-induced apoptosis are independent. This conclusion is
derived primarily from investigations of drug-treated cells from
caspase 8-, caspase 9-, FADD-, or Apaf-1-null mice (24, 34, 64,
70). In addition, Newton and Strasser published recently that
cells from dominant-negative FADD overexpressing mice are
not protected from anticancer drug-induced apoptosis (51).
However, these conclusions are based on studies of primary
cells from spleen or thymus or mouse embryonic fibroblasts.
Tumor cells might behave differently as to the apoptotic phe-
notype, as some might have been selected for an apoptosis-
resistant phenotype. Besides, the disruption of the CD95 path-

FIG. 5. A region in the 59 untranslated region of the CD95L gene comprising nucleotides 120 to 1100 is responsible for CD95L induction following treatment
with chemotherapeutic drugs. (A) Overview of the 59 untranslated region of the CD95L gene. Bars represent the 236/119 and 236/1100 constructs. The circled
sequence is the AP-1 site near the first ATG. The arrow indicates the translation start site. (B) Hep3B cells were transfected with the constructs described in A above,
and luciferase activity was measured following 48 h of treatment with 5-FU (100 mg/ml). One representative experiment with triplicate samples out of five independent
experiments performed is shown. pnull.luc is a promoterless construct used as negative control. Transfection efficiency was controlled by cotransfection of a Renilla luciferase
construct. RLU, relative light units.
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way (as, for example, in lpr or gld mice) and similar resistance
to anticancer drug-induced apoptosis do not exclude the pos-
sibility that the CD95 system plays a role for certain stress stim-
uli. Thus, the involvement of the CD95 system in drug-induced
apoptosis is controversial and might depend on cell types and
drugs used in the experiments. Recently, we have gained sup-
port for the involvement of the CD95 system from the follow-
ing in vivo experiments. Mice injected with 5-FU lost half of
their thymocytes approximately 20 h after injection of the drug.
This effect could be blocked by neutralizing anti-CD95L anti-
body (S. T. Eichhorst et al., unpublished data).

Recent work from our laboratory suggests that chemother-

apeutic drugs cause expression of CD95 via p53 binding to an
intronic enhancer element in the first intron of the CD95 gene
(48). Based on these results and on the results presented here,
we propose the following mechanism for chemotherapy-in-
duced apoptosis in liver tumors. Chemotherapeutic drugs
induce the CD95 gene via a transcriptionally regulated, p53-
dependent mechanism. They also engage the SAPK/JNK path-
way eventually leading to upregulation of CD95L. Upregula-
tion of CD95 and CD95L then allows the cells to either commit
suicide or kill neighboring cells in a fratricidal manner. Cross
talk between the two signaling pathways is also possible. Elke-
les et al. reported that p53 activates the c-fos gene, thereby

FIG. 6. The 236/1100 and 236/119 constructs show different kinetics of activation and different inducibility upon cotransfection of c-jun and c-fos. (A)
Cotransfection experiments in Hep3B cells with expression vectors for c-jun and c-fos. The cotransfected cells were subsequently treated with 100 mg of 5-FU/ml for
48 h or left untreated. Transfection efficiency was normalized by cotransfection of either an expression vector for chloramphenicoltransferase (CAT) or Renilla luciferase, both
under the control of a basal promoter. Luciferase activity was measured with the dual luciferase assay from Promega according to the instructions of the manufacturer. CAT
protein content was determined by a commercial CAT enzyme-linked immunosorbent assay (Boehringer GmbH, Mannheim, Germany). Mean values with standard deviation
from four independent experiments are shown. Fold induction values in A and B were calculated as follows: relative light units (treated cells)/relative light units
(untreated cells). (B) Dual luciferase assay with Hep3B cells cotransfected with the described CD95L promoter constructs and a Renilla luciferase expression vector
as a control for transfection efficiency. Cells were treated as described above and were harvested after the indicated time points. In addition, the protein content of
the transfected cells was measured. Data are the mean with standard deviation of triplicate samples of one representative experiment. Four independent experiments
were performed.
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generating the partner of c-Jun to form the AP-1 complex
required for CD95L activation (14). Moreover, MEKK/JNK
signaling stabilizes and activates p53, which in turn could con-
tribute to upregulation of CD95 (19).

Our results suggest that the SAPK/JNK system is of crucial
importance in drug-induced CD95L upregulation. This finding
is in line with several observations from other laboratories
(36). Data by Behrens et al. further argues in this direction.

FIG. 7. Mutations in the AP-1 site of the CD95L promoter destroy the inducibility of the promoter constructs, and induction is inhibited by dominant-negative
c-Jun. (A) The AP-1 site in the basal promoter was mutated as indicated. To investigate the effect on the basal promoter, Hep3B cells were transfected with the
236/1100 (CD95L wild-type promoter [prom wt]) or the APX4 (mutated 236/1100 CD95L.luc, CD95L mutant promoter [prom mut]) constructs, respectively. To
investigate the effect on the full-length promoter, Hep3B cells were transfected with the 21204/1100 (CD95L prom wt) or the APX4/21204 (mutated 21204/1100
CD95L.luc, CD95L prom mut) constructs, respectively. Transfection efficiency was monitored by cotransfection of Renilla luciferase. Following transfection, cells were
treated with 5-FU (100 mg/ml) for 48 h. Luciferase activity was measured and fold induction was calculated. One representative experiment out of five performed is
shown. (B) Influence of dominant-negative c-jun (DN c-jun). Hep3B cells were transfected with the 236/1100, 236/119, or pnull.luc constructs. Cells were either
cotransfected with a control plasmid (c) or an expression construct for dominant-negative c-jun (1). As a control, c-jun was also cotransfected in one experiment. After
completion of the transfection, cells were split and one-half was treated with 100 mg of 5-FU/ml and the other half was left untreated. Bars show fold induction
calculated as follows: relative light units (treated cells)/relative light units (untreated cells). Relative luciferase units were normalized by Renilla luciferase activity using
the dual luciferase system. Three independent experiments were performed, and one representative experiment is shown. The asterisks indicate that the absolute
luciferase values in this experiment were approximately 75-fold higher than in experiments performed without the cotransfection of c-jun.
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They were able to show that mice with a mutated c-Jun, in
which both serines 63 and 73 are replaced by alanines, show
reduced kainate-induced neuronal apoptosis (3). This apopto-
sis defect is due to the impaired phosphorylation of these two
residues in c-Jun, supporting a central role for c-Jun phosphor-
ylation in the apoptosis-induction process. Moreover, it has

been shown that lack of c-Jun activity increases survival after
cisplatin treatment (58). These data may point to a universal,
tissue-independent role of c-Jun for apoptosis induction. In
contrast, several groups have reported an antiapoptotic func-
tion of c-Jun and the JNK cascade (13, 53, 69, 71). In addition
to a cell type-specific and stimulus-specific response, this might

FIG. 8. Nuclear extracts from liver cell lines treated with chemotherapeutic drugs shift an oligonucleotide comprising the AP-1 sequence in the CD95L promoter.
Electrophoretic mobility shift assay and supershift analyses of the 173/199 region of the human CD95 ligand promoter sequence. Nuclear extracts from HepG2 and
Hep3B cells were prepared as described in Materials and Methods. Cells had either been treated with 100 mg of 5-FU/ml for 48 h or been left untreated. Electrophoretic
mobility shift analyses were done as described previously. For supershift analyses, antibodies against c-Jun or c-Fos were added. AP-1 wt or AP-1 mut are, respectively,
the wild-type or mutant 173/199 promoter regions used for competition experiments. Ø, negative control without nuclear extracts; 2, untreated cells; 1, treated cells.
Antibodies were added as indicated. NS, nonspecific complexes; AP-1, specific complexes. Shift jun and shift fos indicate the respective shifted complexes.

FIG. 9. c-Jun protein is upregulated in Hep3B cells and primary human hepatocytes following treatment with chemotherapeutic drugs. (A to D) Hep3B cells were
seeded on LabTek culture slides and cultured for 2 days. Subsequently, cells were either left untreated (A and B) or treated with 5-FU (100 mg/ml) for 36 h (C and
D) and were fixed and stained with an antibody specific to c-Jun, as described above. DAPI (49,69-diamidino-2-phenylindole) staining of the same cells as in panels A
and C is shown in panels B and D, respectively. (E to H) Human primary hepatocytes were isolated as described in Materials and Methods and seeded on LabTek
culture slides. Cells were left untreated (E and F) or treated with 50 mg of 5-FU/ml for 24 h (G and H) and were fixed and stained with an antibody specific to c-Jun.
DAPI staining of the same cells as in panels E and G is shown in panels F and H, respectively.
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be explained by the level of involvement of the SAPK/JNK
cascade. On the one hand, the SAPK system could play an
antiapoptotic role during the execution phase of an apoptotic
response. On the other hand, it might nevertheless be involved
in transcriptional regulation of proapoptotic molecules during
the initiation phase (31). Moreover, the duration of JNK acti-
vation may play a role for regulation of the apoptotic program
(10). Kasibhatla et al. reported that chemotherapeutic drugs
induce CD95L in T-cell lines via activation of AP-1 and NF-kB
(28). Our results demonstrate the AP-1 activation but do not
the support the role of NF-kB. The difference in the results is
most likely due to tissue specificity of transcription factor ex-
pression. These data may point towards a differential regula-

tion of CD95L expression, depending on the tissue and tran-
scriptional cofactors present. Thus, Srivastava et al. showed
that NFAT is necessary for CD95L upregulation in Jurkat
T-cell lines and breast carcinoma (62). Recently, Matsui et al.
showed the presence of an AP-1 site in the murine CD95L
promoter which works cooperatively with NF-kB to drive T-
cell receptor-mediated CD95L expression (45). In line with our
data, Preston et al. demonstrated that c-Fos protein is capable
of inducing apoptosis in a human colorectal carcinoma cell line
(56).

Interestingly, in our experimental system, all tested cyto-
static drugs induced CD95L equally well. This is intriguing,
because we used drugs with different primary modes of action,
antimetabolites or topoisomerase inhibitors. Thus, different
types of damage to the cell eventually converged in activation
of the JNK/SAPK pathway. It would be highly interesting to
determine the links of different types of damage to the activa-
tion of the SAPK/JNK pathway and finally to the upregulation
of CD95L. Furthermore, in concordance with our observa-
tions, it has been demonstrated that MEKK-1 is involved in
genotoxin-induced apoptosis (21, 66). The activating kinase
activated by chemotherapeutic drugs may be ASK1, as re-
ported by Chen et al. for cisplatin (10).

SAPK/JNK kinases were also shown to be activated down-
stream of CD95 after interaction with CD95L (25). We can
rule out the possibility that the activation of JNK seen in our
experiments was due to such a secondary effect, because the
Hep3B line, in which most of the transfections were per-
formed, was negative for CD95 (reference 47 and data not
shown). Moreover, transfection experiments were also done
in the presence of CD95-Fc to block CD95L. The addition
of CD95-Fc to these experiments did not affect the outcome
of our experiments (data not shown). Therefore, activation of
c-jun N-terminal kinases is not due to a downstream CD95
signaling event. Activation of SAPK/JNK alone is also not
sufficient for anticancer therapy-induced apoptosis (25).

One of the chemotherapeutic drugs used in our study was
5-FU, often used for treatment of patients with liver tumors
and metastases. 5-FU acts by inhibition of thymidilate synthase
(TS) in target cells. Houghton et al. studied the behavior of
colon cancer cells lacking TS (27). The authors found that
these cells undergo apoptosis following “thymineless death”
due to the lack of TS (27). Interestingly, as in our experiments,
these cells undergo apoptotic death mediated via the CD95/
CD95L system. Moreover, it is remarkable that the thymine-
less death of colon carcinoma cells in the study of Houghton et
al. occurred in a time frame similar to that of our experiments.

We propose the CD95-CD95L interaction as a possible
mechanism of action of anticancer drugs. Our data could be
used to develop specific anticancer therapies.
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